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OBJECTIVE

The objective of this U.S. Army Materials Technology Laboratory (MTL) technical report
is to present the test results from evaluation of the Vetrotex RH™ glass woven roving to
MIL-L-46197 (MR) requirements. The specific lot of RH glass/polyester material purchased for
this evaluation met the MIL-L-46197 (MR) performancc requirements. The specification has
been formally amended and is now entitlted LAMINATE: HIGH STRENGTH GLASS, FABRIC-
REINFORCED, POLYESTER RESIN IMPREGNATED, Amendment No. 1, 22 November 1991.

INTRODUCTION

MTL is a prime developer of fiber-reinforced, organic matrix armor systems offering both
ballistic efficiency and structural capability. The initial research included combinations of glass
fiber and aramid reinforcement, fiber finishes, and resin systems.” Since that time the struc-
tural armor development and demonstration efforts have included tlat laminates, hatchdoors,
turret structures, and armored vehicles.>” Mobility and transportability requirements for fu-
ture combat vehicles demand that system weights be reduced. The primary goal of MTL’s ef-
forts is to reduce vehicle weight while maintaining ballistic protection levels and enhanced
crew survivability. Structure fabrication costs must also be considered early in materials selec-
tion, process development, and vehicle design.

The MTL Composite Infantry Fighting Vehicle (CIFV) program, with FMC Corpora-
tion, has successfully demonstrated the weight savings and durability of S-2™ glass/polyester
structural armor.®’ ~The CIFV prototype incorporated over 4700 lbs. of S-2 fiberglass
woven roving/polyester composite. Cyanamid CYCOM™ 4102 and SP Systems IFRR™ poly-
ester resins were both evaluated for this application. SP Systems was formerly known as
FERRO Composites Division. Both resins are modified diall%l phthalates that are flame re-
sistant and offer self-extinguishing flammability characteristics. Dectailed flammability char-
acterization has been completed and these resin systems do not present an undo hazard
for combat vehicle application.lo’11

Under the CIFV contract a comprehensive characterization of these S-2™ glass/polyester
systems was conducted. The Military Specification entitled LAMINATE: S$-2 GLASS, FABRIC-
REINFORCED, POLYESTER RESIN IMPREGNATED was written to cover this application.
This specification was formally accepted by the military on 23 December 1987 and assigned
the designation MIL-L-46197 (MR). The Owens Corning Fiberglass (OCF) S-2 glass woven
rovmg product has set the standard for this application to structural armor. Thc ballistic efti-
ciency and spall reduction capability of the S-2 composite is well documented. 12,13

MATERIALS

In 1986 MTL acquired a sample of Saint Gobain’s Vetrotex R glass, 24 oz/yd woven rov-
ing fabric for ballistic evaluation. This reinforcement was fabricated into a ballistic test lami-
nate using a wet layup process. The resin system used was the OCF E-701 polyester.
Ballistic data for E and S-2 glass/polyester laminates evaluated with the 207 grain (.50 cal)
fragment simulating projectile (FSP) were available for comparison. The results of these tests
are summarized in Table 1. This limited data showed that the R glass laminate ballistic limit
(Vsg) was higher than E but lower than that of an S-2 laminate of similar areal density.




Table 1. PRELIMINARY E, R, AND S-2 BALLISTIC COMPARISON

Fiber Type E R S-2
Test No. 245-81 433-86 176-82
Plies 53 53 53
Projectile 207g FSP (50 Cal)..........ccccocnc.
Areal Density (PSF) 118 11.4 11.9
Ballistic Limit (Vso) 2484 2712 3233
Shots/Spread 2/42 2/165 2/90

In 1988 a newly avuilable Saint Gobain product designated Vertrotex SRT 810-2295 was ob-
tained by MTL for ballistic evaluation. This fiber was claimed to have a higher tensile strength
than the previously tested R glass fiber, and the fabric had a weight of 23.8 oz/yd (810 g/m) and
an epoxy compatible finish. This fabric was fabricated into several different arcal density lami-
nates, again using the OCF E-701 resin. The resuits of this round of evaluation are given in
Table 2. Comparing the results from Test No. 176-82 in Table 1 to Test No. 89-049 in Taoic 2
shows that the SRT product had ballistic efficiency comparable to S-2. The SRT product was as-
signed the new RH glass designation shortly after this MTL evaluation.

Table 2. SRT GLASS/E-701 RESULTS

FSP A.D. Vso
Test No. ) (psf) (fps) Shots/SPR
89-074 17 226 1740 4/52
89-047 44 5.65 2597 2/124
89-050 207 5.65 1613 2/145
89-049 207 12.45 3486 2/86

The higher ballistic performance of the RH glass laminates over the previously obtained
R glass, and the similarity to the OCF S-2 glass, is further explained by comparing the fila-
ment property data in Table 3. These glass filament properties were taken from the

manufacturer’s data sheets.'*13

Table 3. GLASS FILAMENT PROPERTY COMPARISON

Filament Density Tensile Moduilus
Type (g/cc) (ksi MPa) (Msi GPa)
E 260 500 3448 105 73
R 253 638 4400 125 86
S-2 249 665 4563 126 87
RH 249 685 4700 13.0 90




In 1990, the MTL Composites Development Branch received military funding to cvaluate
the higher strength Vetrotex RH™ glass fiber to the MIL-L-46197 (MR) performance require-
ments. As discussed previously, this specification was written for applications requiring both
ballistic and structural performance. At that time, the only product that mct the mechanical
and ballistic minimum performance levels was OCF S-2 glass. The 24 oz/yd, 5 x S plain
weave, S-2 glass fabric has an OCF 463 epoxy compatible finish. MTL procured 233 yards of
the RH glass product preimpregnated by Cyanamid with CYCOM™ 4102 polyester resin.

The Vetrotex RH™ glass had an epoxy compatible finish designated P-109. The weaving
and impregnation of the fabric was conducted by Cyanamid in strict compliance with the
MIL-L-46197 (MR) roving, fabric, and prepreg specifications.

PROCESSING

The glass/polyester structural armor proposed for future combat vehicle structures is cured
using a vacuum bag molding process with oven cure. It is MTL's goal to keep the cost of
the capital equipment to a minimum when molding armored vehicle hulls. The vacuum
bag/oven cure process eliminates the need for expensive autoclave systems. The vacuum bag
process does, however, produce composite laminates with slightly higher void contents than
those normally obtained from a high pressure autoclave cure. This higher void content (1%
to 3%) does, however, produce the best combination of ballistic and mechanical properties.

The RH glass/CYCOM™ 4102 prepreg was fabricated into nine and 69 ply test laminated.
Assigning the warp rovings to the 0 direction, the nine ply laminates had a quasi-isotropic con-
struction or stacking sequence of 0/-45/+45/90/0/90/+45/-45/0. This quasi-isotropic construction
was required since mechanical properties were to be determined in addition to the ballistic
properties. The laminates having 69 plics were fabricated using a 0/90 stacking sequence.
Since only the ballistic limit was to be obtained, this construction saved material and eased
fabrication of the laminates. The prepreg was laid onto flat aluminum caul plates covered
with a suitable release film. The bagging sequence incorporates perforated release film,
bleeder felt, barrier release film, breather felt, and a nylon vacuum bag. This bagging se-
quence for a complex part, versus a flat laminate, is shown in Figure 1. A thermocouple was
placed at the center of the thicker laminate to monitor the mid-laminate temperature during
cure.

The cure cycle for the 69 ply laminates (see Figure 2) requires three temperature
changes to produce acceptable test laminates.'® The first step is a 150°F soak that allows
resin flow and fiber wetout without initiating the cure reaction. The next step is a 170°F
soak which initiates the cure reaction. The development of residual stresses during thick lami-
nate cure is also strongly influenced by processing and should be minimized.!” At this 170°F
oven temperature, the mid-laminate exotherm was in a range from 230°F to 260°F. After the
exotherm has pcaked the oven tempcrature is raised to 250°F for post cure.

PHYSICAL CHARACTERISTICS

The resin content of the nine ply laminate was determined using ASTM D 2584-68, Stan-
dard Test Method for Ignition Loss of Cured Reinforced Resins. Three 1" x 1" specimens
were subjected to this burnout test procedure and yielded an average resin content of 32.8%.
This particular RH glass/polyester laminate met the MIL-L-46197 (MR) specification require-
ment of 34 * 3% resin by weight.
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Figure 2. Cure cycle, 69 plies RH glass/polyester.

Although not requircd, the water absorption characteristics of this RH glass/polyester lami-
nate were evaluated. Specimens having dimensions of 1" x 3" were machined tiom the nine
ply laminate. The machined edges of the specimens were left unprotected during the long-
term immersion in room temperature water. Figure 3 plots the moisture gain of these speci-
mens over a one year period. The maximum average weight gain was slightly above 0.3%.

MECHANICAL PROPERTIES

Tensile, flexure, compression, and short beam shear tests were conducted on the nine ply
laminate. Table 4 compares the MIL-L-46197 (MR) requirements to the results of the RH
glass laminate testing.

(9,
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Figure 3. RH glass/polvesier water absorption.

Table 4. REQUIREMENT VERSUS RH GLASS MECHANICAL PROPERTIES

Property Requirement RH Glass
Tensile Modulus (D638) 2.3 Msi 35 =* 25Msi
(15.8 GPa) (24.1 GPa)
Tensile Strenath (D638) 43 ksi 424 * 1.1ksi
(296 MPa) (289.6 MPa)
Flexural Modulus (D790) 2.5 Msi 3.7 *= 07 Msi
(17.2 GPa) (25.4 GPa)
Flexural Strength (D790) 32 ksi 434 = 20
(221 MPa) (299.3 MPa)
Compressive Strength (D695) 20 ksi 293 = 16ksi
(138 MPa) (202.1 MPa)
Short Beam Shear (D2344) 2.5ksi 40 =* ksi
(17.2 MPa) (27.6 MPa)
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BALLISTIC EVALUATION

Ballistic screening of the high strength glass laminates with a 20 mm fragment simulating
projecile is required under MIL-L-46197 (MR).R‘X‘19 The large 69 ply RH glass laminates
were cut into 1’ x 1’ targets which were impacted with one center shot per target. The ballis-
tic limit velocity (Vsg) must meet or exceed 2380 fps (740 mps) The targets had an average
areal density of 17.55 psf. The limit velocity easily meets the 2380 fps requirement with a
value of 2755 fps. The detailed ballistic results are reported in Table 5.

Table 5 BALLISTIC SCREENING RESULTS

Velocity
Result On Comment
Shot No Gnd X-Ray Yaw Angle Target (Bulge)
1 2163 2206 75 Partial Medium
2 2423 2406 a3 Partial A Large
3 2545 2524 .90 Partial Large
4 2630 2619 .53 Partiai Large
5 2798 <776 183 Complete
6 2724 2708 79 Partial Large
7 2738 2734 53 Partial Large
MTL Test No = T-13-91
Limit Velocy = 27551ps
Spread (2Shot) = 42 fps
High Partial = 2734 1ps
Low Complete = 27761ps
CONCLUSIONS

References to trade name glass fiber products were deleted from the subject military speci-

fication and substituted with the term high strength glass. The title for MIL-L-46197 (MR) is
now LAMINATE: HIGH STRENGTH GLASS, FABRIC-REINFORCED, POLYESTER RESIN
IMPREGNATED, Amendment No. 1, 22 November 1991. The particular lot of RH glass cval-
uated undcr this rescarch cffort mects the performance requirements of the specification.
The S-2 and RH fiberglass/polyester products should both meet the specification requirements
when manufactured and processed in strict compliance with MIL-L-46197 (MR). The identifi-
cation of this second source product will generate pricing competition and cost savings for the
Government.  The test detailed in the specification should be conducted on individual lots of
both products to assurc minimum pcrformance levels.
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